From the reports below it appears that additional evidence should be provided to support the generality of the postulated regulatory role of AS transcripts, both in the repression of low expression genes and in the propagation of signals to adjacent genes. While this has been validated on SUR7, referee #3 feels that a more global analysis of the impact of perturbations of select AS transcripts would be important to strengthen the system-level insights provided by your study. This may also clarify the interpretation of the data as to whether the observed relationship between S and AS transcripts reflects an actual regulatory function of AS transcription rather than being the result of the biased evolutionary retention of AS transcription. Finally, the contribution of transcriptional interference versus ncRNA-mediated mechanisms remain unclear as noted by reviewer #1.
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the three referees whom we asked to evaluate your manuscript. As you will see from the reports below, the referees find the topic of your study of potential interest. However, they raise significant concerns on your work, which should be convincingly addressed in a revision of the present work.
From the reports below it appears that additional evidence should be provided to support the generality of the postulated regulatory role of AS transcripts, both in the repression of low expression genes and in the propagation of signals to adjacent genes. While this has been validated on SUR7, referee #3 feels that a more global analysis of the impact of perturbations of select AS transcripts would be important to strengthen the system-level insights provided by your study. This may also clarify the interpretation of the data as to whether the observed relationship between S and AS transcripts reflects an actual regulatory function of AS transcription rather than being the result of the biased evolutionary retention of AS transcription. Finally, the contribution of transcriptional interference versus ncRNA-mediated mechanisms remain unclear as noted by reviewer #1.
If you feel you can satisfactorily deal with these points and those listed by the referees, you may wish to submit a revised version of your manuscript. Please attach a covering letter giving details of the way in which you have handled each of the points raised by the referees. A revised manuscript will be once again subject to review and you probably understand that we can give you no guarantee at this stage that the eventual outcome will be favourable.
Yours sincerely, Editor Molecular Systems Biology ---------------------------------------------------------------------------REFEREE REPORTS:
Reviewer #1 (Remarks to the Author):
Remarks to the Author:
The manuscript of Xu et al. characterizes genome-widely the interdependence between sense and antisense transcripts in S. cerevisiae. The authors analyse various growth and genetic conditions to (anti)correlate the expression of sense/antisense pairs. They report that antisense transcription increases gene expression variability especially when genes are lowly expressed. Their model is nicely validated by a single gene approach where interrupting the antisense transcription lead to a better expression of the sense gene. Strikingly, this upregulation is only observed upon physiological conditions driving low expression of the sense gene and not when the gene is already highly expressed.
The manuscript is very well written and easy to read. The results presented are of general interests as they lead to the crucial conclusion that antisense transcription is a key element in gene expression regulation in a genome-wide manner. However it appears that an important ambiguity remains concerning the regulatory actor and one can asks whether transcription interference is solely responsible for the gene regulation. This manuscript warrants publication in MSB journal after addition of some data and more discussion.
* Major critics:
1-The main critic of the manuscript is the remaining ambiguity concerning the regulatory mechanism. Indeed it is not clear whether the authors know if they can conclude that ncRNAs are the regulatory molecules or alternatively that the non coding antisense transcription interferes with the sense transcription. For instance in page 6, the author cites their own work published in 2009 showing that in rrp6 mutant "76 of 174 genes were repressed upon increased expression of antisense transcript". This sentence suggests that Rrp6 defective cells might activate antisense expression (transcription) and not only increase the ncRNA stability.
In contrast, page 9 the authors conclude that "regulatory signals can be spread across neighbouring loci by ncRNA...". In this sentence the authors suggest that the regulatory function is triggered by the ncRNA. I think this ambiguity needs to be amended across the text and a paragraph dealing with this could be inserted in the discussion probably right at the beginning dealing with pro and con arguments juxtaposing transcriptional interference vs RNA-mediated regulation.
2-In the same lines, the authors could take the opportunity to test the interesting hypothesis that Rrp6 would prevent the antisense transcription machinery to reach the TSS of the sense gene. Ie, in absence of Rrp6, the antisense transcription could run over the sense gene promoter to interfere. In this hypothesis, the antisense transcription per se would be the regulatory event. To try to get insights in this matter, the author could compare the termination sites of antisense RNAs in Rrp6 positive cells (this manuscript) vs those observed in rrp6 mutant for a group of genes (Xu et al Nature 2009). The genes of particular interest would be those containing antisense RNAs that would be shorter upon the tested physiological conditions than in rrp6 mutant. If this category can be revealed, it would argue that Rrp6 is indeed important to terminate/degrade these specific ncRNAs. In addition, it would be interesting to determine whether this group of genes is similarly (or not) regulated in both conditions. This analysis would provide key data to understand the role of Rrp6 in ncRNA-mediated gene regulation.
* Minor remark:
1-It is not clear why the figure with the mutation of Gal4BS associated with GAL80 promoter is within the main body of the paper (Figure 4 ). It appears to me that interfering with Gal80 expression perturbs the interpretation of the data. Despite being less elegant, insertion of the KAN cassette provides a clear answer and thus suppl Figure 6 should replace the actual Figure 4 .
2-page 4 "..this association is independent of the increased expression variability known for TATAcontaining genes." A reference needs to be inserted here.
Reviewer #2 (Remarks to the Author):
In this manuscript Xu and colleagues analyse antisense transcription in a collection of budding yeast segregants as well as in a laboratory strain grown in satandard conditions. Transcriptomes were analysed on the strand-specific high-resolution Affimetrix tiling array platform that has been routinely used by the Steinmetz lab in the last few years. These data show that ~10% of budding yeast genes are associated with detectable antisense transcription and that those transcripts are lowly expressed as compared to their sense counterpart. Genes with antisense transcripts show more variable expression between conditions, across evolution or between cells, reminiscent of the highly regulated TATA-dependent genes. Interestingly, genes with a detectable antisense counterpart seemed to be more tightly repressed when their expression was low, leading the authors to suggest a model where antisense transcription helps tight repression of sense gene expression perhaps by interfering transcription through the sense transcript TSS. The authors finally test this hypothesis by disturbing expression of the SUT719 transcript, which is antisense to the SUR7 gene. This is a well written manuscript reporting a technically solid and convincing analysis. Arguably, this study is only marginally related to systems biology (if at all), but this is an editorial decision about the scope of MSB. I have a few points which should be addressed before publication.
1) This study in not the first in depth analysis of the budding yeast antisense repertoire. Yassour and colleagues published a complementary story earlier this year using an RNA-seq dataset (Genome Biol. 11:R87). The authors should compare and contrast their data and conclusions with this study.
2) Fig 2E and Fig S3. It looks from the RNA-seq data that expression of highly expressed genes may also be different in genes with and without antisense. It this difference significant at all? If yes how does it fit the model?
3) Fig 4. The authors altered the expression of the SUT719 genes and analysed its effect of the neighbouring SUR7 and GAL80 genes by high resolution tiling array, which seems close to overkill. However these global data would provide a good way to investigate possible indirect effects which could potentially affect their conclusion. Are there genes outside of the engineered locus which are significantly differentially regulated between the wt, gal4-bs delta and KAN cassette strain? 4) p8: The authors exploit data of Figure 4 in order to propose a model that interleaved transcription helps coordinate regulation. This section is more a discussion as no actual results are presented.
Could the authors provide some global analysis on co-regulation of neighbouring genes when antisense transcripts are detectable or not? If not this section should be moved to the Discussion.
Reviewer #3 (Remarks to the Author):
Antisense transcription is observed throughout the yeast gene while its functions are poorly understood. Thus, a comprehensive analysis of antisense expression and its correlation with the sense expression across conditions and strains is important and interesting. The main result from this analysis is that antisense is associated with "switching off" of the sense at low levels but no effect at high levels, and thus it increases the variability in gene expression. Combined with the origin of antisense from bidirectional promoters, the authors also suggest a mechanism to propagate regulatory signals to neighboring genes. These results are interesting, and if proven to be correct, will be of wide importance. However, it is not clear that the results reflect the function of antisense, as opposed to a bias in the retention of antisense genes. A direct antisense effect is supported by the SUR7 analysis, but a single example is not sufficient to infer that such effects are the basis for the genome-wide results.
Major comments:
1. An alternative explanation to some of the results is that antisense interferes with the sense expression and is thus selected against at most genes. However, this selection could be weaker for stress genes, since their expression is off most of the time and when these genes are ON their expression is high enough to overcome the effects of antisense. Accordingly, antisense would be associated with switching off of the sense, but not due to the effect of the antisense. Similarly, genes with high expression variability among cells, species or conditions may be those whose expression levels are under weaker selection and thus they accumulate antisense with time that is not functionally important but also is not sufficiently deleterious to be eliminated by selection. This interpretation is consistent with the result that antisense is underrepresented in essential genes.
Thus, in order to demonstrate that the global results reflect the direct function of antisense, the expression of antisense transcripts should be manipulated and the effect on sense expression should be examined. This is currently performed in a single example (SUR7) which indeed supports the hypothesis. However, SUR7 may also reflect a specific exception. Additional examples would improve this result and provide convincing evidence that this is indeed a general phenomenon. Such additional examples could ideally be provided experimentally but may also be identified computationally: upon deletion of an activator we expect that all target genes (sense and antisense) would be repressed. Thus, the impact of repressing an antisense could be examined by the deletion effect of the transcription factors that is predicted to activate that antisense. For example, deletion of Gal4 would be expected to repress SUT719 as well as all other antisense transcripts whose promoters are bound by Gal4. Since microarray data is available for deletion strains of most transcription factors, the predicted effects of antisense repression could be examined on a genomewide scale.
2. The possibility that antisense serves as a mechanism to propagate regulatory signals through bidirectional promoters is supported by the SUR7-GAL80 example. Once again, however, the impact of this effect should be examined on a genomic scale. An obvious prediction of the model in Fig. 5 is that genes with antisense will have lower expression correlations with their neighboring genes than genes without antisense.
3. As shown in Fig. S5 , although sense-antisense pairs are enriched with negative correlation, this enrichment is modest, and in fact a large proportion of the pairs show positive correlation. This suggests that antisense may repress the sense expression only in a subset of the cases. This should be better reflected in the discussion. One related feature is whether the antisense overlaps the sense TSS. Are their other features?
1st Revision -authors' response 10 December 2010
We are pleased to send you the revised version of our manuscript "Antisense expression increases gene expression variability and locus interdependency". In response to your and the referees' suggestions and concerns, the new version includes:
1. Analysis of the correlation pattern of tandem genes (Fig. S7 ). Tandem genes with antisense are less correlated, consistent with our prediction of regulatory signal spreading and an antisensemediated inhibition effect.
2. Discussion of sense expression ultrasensitivity as a function sense-antisense correlation patterns (Fig. S8 ). This shows that anti-correlated pairs have stronger ultrasensitivity patterns and gives further support to the role of antisense expression.
3. Extended discussion covering mechanisms through which antisense could exert its regulatory role as well as the recently published manuscript by Yassour and colleagues.
Other genome-wide experiments that test the regulatory role of antisense expression without introducing confounding effects are difficult to imagine. The analysis suggested by referee 3 on public transcription factor knock-out expression data is not conclusive. We report however that the Rrp6 mutant strain, in which antisense expression levels are increased, show decrease of sense expression. This represents data for 76 genes. Unpublished data from collaborators on further mutants involved in non-coding RNA expression (Xrn1, Set1) also confirm this trend. So far, only single-gene studies can test the role of antisense expression without ambiguity.
We think that these additions have strengthened our findings and that the discussion places them better in the context of our current understanding of antisense expression.
Remarks to the Author: Response: This is a valid point. Since we measured RNA levels, our methods cannot distinguish whether the effects were brought by the transcript itself or the act of antisense transcription. Thus we sought to be neutral on this point. We have added a paragraph to the discussion on potential mechanisms that touches upon this point (paragraph 3, page 11). In addition, it is our understanding that the role of Rrp6 is still debated. Its deletion could affect the stability of already initiated transcripts (as widely believed) and/or result in new transcription. To avoid ambiguity, we checked the consistency of the text regarding transcription and expression (RNA levels) and reformulated several sentences including those on pages 6 and 9. Response: The referee raises the hypothesis that Rrp6 could play a role in determining the length of antisense RNAs. Only 38 out of 460 antisense SUTs (8%) are longer in the rrp6 mutant and only 4 of those 38 then overlap the TSS of the sense coding gene. In one case, AMS1, the gene shows down-regulation. Though interesting, this phenomenon does not appear to be the major role of Rrp6 --that is Rrp6 is not specifically involved in degrading longer forms of transcripts where shorter stable forms exist.
* Minor remark: 1-It is not clear why the figure with the mutation of Gal4BS associated with GAL80 promoter is within the main body of the paper (Figure 4). It appears to me that interfering with Gal80 expression perturbs the interpretation of the data. Despite being less elegant, insertion of the KAN cassette provides a clear answer and thus suppl Figure 6 should replace the actual Figure 4.
Response: As correctly noted by the referee, the observations on SUR7 in this experiment might be indirect due to the change of Gal80 expression. We therefore also included the KAN cassette insertion experiment in the supplement, which is consistent with the Gal4 binding site deletion data. The purpose of having the Gal4 binding site data as a main figure is to demonstrate both the effects of antisense on low levels of sense gene expression and the spreading of the regulatory signal. Indeed deletion of the Gal4 binding site indicates that the very same DNA sequence has a regulatory role on the two tandem genes.
2-page 4 "..this association is independent of the increased expression variability known for TATAcontaining genes." A reference needs to be inserted here.
Response: We have now included a reference to Lopez-Maury et al.
Reviewer #2 (Remarks to the Author): 
In this manuscript Xu and colleagues analyse antisense transcription in a collection of budding yeast segregants as well as in a laboratory

2) Fig 2E and Fig S3. It looks from the RNA-seq data that expression of highly expressed genes may also be different in genes with and without antisense. It this difference significant at all? If yes how does it fit the model?
Response: Indeed, the RNA-seq data, which does not saturate in the highest levels of expression, reveal a slight decrease in the QQ-plot in the high range. Although this part of the data (log2 normalized counts >3 for ORFs with antisense and log2 normalized counts > 5 for ORFs without) spans more than 2 fold of expression, it covers only 30 genes (0.5% of all genes), only 4 of them have an antisense. Due to these small numbers, conclusions from this area are difficult to draw (wide error bars). Of the 26 genes without antisense, 11 are ribosomal genes and the 15 others are mostly (11) involved in glucose catabolic processes. Ribosomal genes, although already being depleted in our RNA extraction, have specific features (high expression, transcribed by polymerase I, non-coding) making them not very comparable to the other genes. Altogether, we do not think that this difference affects our conclusions. We have added these comments to the supplementary information.
3) Fig 4. The authors altered the expression of the SUT719 genes and analysed its effect of the neighbouring SUR7 and GAL80 genes by high resolution tiling array, which seems close to overkill. However these global data would provide a good way to investigate possible indirect effects which could potentially affect their conclusion. Are there genes outside of the engineered locus which are significantly differentially regulated between the wt, gal4-bs delta and KAN cassette strain?
Response: We checked whether other genes were affected. No further genes showed significant differential expression outside this locus (limma's moderated t-test) when the Kan cassette was inserted, indicating no genome-wide evidence of artifacts due to expression of the selectable marker or to the transformation process itself. In YPD media, GAL2, GAL3, GAL7 and GAL10 were also differentially expressed when the Gal4 binding site in front of Gal80 was deleted, consistent with downstream effects of altered Gal80 expression. Since both experiments showed that SUT719 is disrupted and SUR7 expression is affected, we can rule out that the reduced effect on SUR7 might be an indirect effect. Response: The new version includes a global analysis of co-expression pattern of tandem genes.
4) p8: The authors exploit data of Figure 4 in order to
Upstream genes of tandem pairs are less correlated with their downstream partner in the presence of an antisense transcript ( Fig. S7 and paragraph 2, page 9). We thank referee 2 and 3 for suggesting this analysis, which confirmed our predictions. This is now part of the results. Response: Referee 3 grants that antisense expression affects sense expression but raises the further concern that antisense expression is selected against on essential genes leading to some confounding observations. Under this hypothesis, the switched-off effect is not a consequence of antisense regulation but an enrichment for the class of genes that tolerate antisense interference. Negative selection for antisense on essential genes could occur --our discussion now acknowledges it (paragraph 1, page 12)--but is unlikely to be the sole explanation, for these reasons:
1. Our data shows that repression by antisense on high level of expression is minor and thus it is difficult to conceive that this could imply selective defects.
2.
We see an association of switched off with sense TSS overlap. There is no a priori reason why antisense length would matter if it were not functional (i.e. a by-product).
3.
All genes where antisense functionality has been so far proven are condition specific genes: IME4, PHO84, GAL10, SUR7.
4.
Following the referee's hypothesis, the higher variability of genes with antisense should be due to the properties of genes rather than the effect of antisense. We provide two evidences that this is unlikely the case. First, if the high variability is because of the property of different groups of genes, not due to the interference of antisense, then the effect size should not be dependent on the expression correlation pattern between sense and antisense. We have now included a further analysis on the effects among different correlation groups in which we show that although all groups have some level of ultrasensitive pattern, the anti-correlated groups have the strongest effect ( Figure S8 and paragraph 3, page 10). This suggests an interaction effect of antisense on sense or sense on antisense and thus not a simple "noisy" association. Second, we did a control on the TATA box, which is known to be a hallmark of stress related genes and genes with high expression variability in general. We have observed a higher variability among genes with antisense than genes without even in the presence of TATA-box ( Figure S2 ). These two results suggest that on top of the properties of genes, the interaction between sense and antisense contributes to the sense gene expression variability.
Thus antisense is likely to be functional for the genes where it is expressed ñ i.e. the condition specific genes. Nevertheless a selective disadvantage of antisense on essential genes (during evolution) is indeed an interesting possibility on top of a selective advantage for condition specific genes, and so our discussion, where this point is raised, now mentions both interpretations, which do not need to be exclusive. . Moreover, it is hard to exclude confounding indirect effects ñ a TF deletion will change many genes in the genome and altered expression of a sense gene can thus be caused by secondary effects (not necessarily from the alterned antisense expression). In addition, the publicly available yeast TF knockdown expression profiles have been done without strand-specificity thereby confounding sense and antisense signals. Disrupting antisense one by one appears the most informative ñ however it is not easy to achieve. In many cases the antisense is contained within the sense transcript making a clean deletion impossible. In the cases where the antisense promoter is not overlapped, we tested several other pairs and in all other cases the antisense simply initiated at a new site after the deletion cassette. Thus antisense disruption was not achieved. So far no global method for specifically affecting antisense exists.
Thus we rely on our current evidence, which includes:
Our rrp6 mutant samples show that the increase of antisense expression associates with a decrease of sense expression genome-wide.
2.
Data for SUR7. In addition other single gene studies show antisense functionality for other condition specific genes (e.g. GAL10, IME4, PHO84).
3.
We have analyzed unpublished data on other chromatin mutants and they reveal concomitant increases in antisense levels associated with decreases in sense levels.
4.
Correlation between tandem genes reveals an effect of antisense on the upstream tandem gene.
5.
Overlap of the sense TSS yields stronger associations with switched off state and higher variability. If antisense were a noisy association there is no clear reason why TSS overlap would matter. Fig. 5 is that genes with antisense will have lower expression correlations with their neighboring genes than genes without antisense.
The possibility that antisense serves as a mechanism to propagate regulatory signals through bidirectional promoters is supported by the SUR7-GAL80 example. Once again, however, the impact of this effect should be examined on a genomic scale. An obvious prediction of the model in
Response: We thank referee 2 and 3 for this suggestion. As mentioned in the response to referee 2, the new version of the manuscript includes this analysis ( Figure S7 and paragraph 2, page 9). It confirms the prediction of the model in Figure 5 . Fig. S5 Response: Our model predicts an inhibitory effect of antisense expression on low levels of sense expression but does not imply anti-correlation. In addition to our data showing that TSS overlap matters, we have included a more detailed analysis of the relationship between correlation patterns and ultrasensitivity behavior ( Figure S8 and paragraph 3, page 10). This shows that anti-correlated sense-antisense pairs exhibit the strongest pattern of ultrasensitivity. However, pairs with any pattern of correlation show some level of ultrasensitivity. Hence we cannot exclude that antisense with constant expression or even some degree of positive correlation are actually exerting their effect, particularly strong at low levels of sense expression.
As shown in
Nevertheless, we agree with referee 3 that there might be only a portion of antisense with an actual regulatory effect. The discussion has a paragraph about the number of antisense transcripts for which our data indicate a regulatory role (TSS overlap, switched-off). To further underscore it, we now specify that this covers about half of all antisense transcripts we detected (paragraph 2, page 11).
Besides TSS overlap and correlation pattern, we have not found so far further features that are predictive of the effect on sense expression. Thank you again for submitting your revised work to Molecular Systems Biology. We have now heard back from the two referees who accepted to evaluate the revised study. As you will see, the referees are now supportive and I am pleased to inform you that we will be able to accept your manuscript for publication pending the following minor points:
1. Referee #3 raises two minor remaining issues that should be carefully addressed with appropriate amendments to the manuscript.
2. We would kindly ask you to move the details about the availability of the various datasets to the main text in the Materials and Methods section and include *all accession numbers* in this section as well, instead of having part of this important information in supplementary information. Thank you again for submitting this paper to Molecular Systems Biology and I look forward to receiving your final version.
Best wishes, Editor Molecular Systems Biology -------------------------------------------------------------------------------------------------------------------------------------------------------
The authors have adequately addressed all concerns raised.
